Abstract. The fine particles (PM 2.5 ) in China have decreased significantly
Introduction
Ozone (O 3 ) in the troposphere plays an important role in the oxidation of chemically and climatically relevant trace gases, hence regulating their lifetime in the atmosphere (Monks et al., 2015) . In the lower troposphere, O 3 is produced from photochemical reactions involving volatile organic compounds (VOCs, broadly including CO) and nitrogen oxides (NO x = NO + NO 2 ) in the presence of sunlight (Brasseur et al., 1999) . As a strong oxidant, O 3 at ground level is detrimental to human health and vegetation (Tai et al., 2014) and has received continuous attention from both the scientific and regulatory communities in the past three decades.
Shanghai has emerged as one of the largest megacities in the world over the last two decades. The city has a fleet of over 3.6 million vehicles and a population of over 2400 million permanent residents, which results in high emissions of NO x , VOCs, and primary particulate matter (PM) to the atmosphere from industrial and commercial activities, leading to photochemical smog formation. A persistent high level of surface O 3 and PM was observed in Shanghai during the past 10 years (Geng et al., 2007; Ran et al., 2009; Tie et al., 2009a; Xu et al., 2015) . In order to mitigate the adverse impacts from severe air pollution, the Clean Air Action Plan was issued at the end of 2013 to implement the emission reduction program in Shanghai and its neighboring area. As a result, the annual mean PM 2.5 (particles with diameter 2.5 µm) mass concentration has decreased from 50 µg m −3 in 2013 to 39 µg m −3 in 2017. However O 3 pollution has been continuously worsening, with the nonattainment days (daily maximum O 3 concentration exceeding 200 µg m −3 , or daily maximum 8 h O 3 concentration exceeding 100 µg m −3 ) increased from 99 d in 2014 to 129 d in 2016. As a result, O 3 has became the primary air pollutant affecting the ambient air quality instead of PM 2.5 in Shanghai. A similar issue has also occurred in other cities in the eastern China (Lu et al., 2018) . For example, the mean PM 2.5 mass concentration over the 74 major cites decreased by 40 % from 2013 to 2017, whereas the maximum daily 8 h average O 3 concentration in summer exceeds the Chinese National Ambient Air Quality Stand (GB3095-2012) over most of eastern China (Li et al., 2019) . Thus better understanding the causes of elevated O 3 in China is important for developing effective O 3 control strategies, especially in megacities such as Shanghai.
A prerequisite to an effective emission-based O 3 control strategy is to understand the temporal and spatial relationship between O 3 and its precursors, and the response of O 3 concentrations to the changes in emissions of O 3 precursors (such as NO x and VOCs; Lin et al., 1988) . The relationship of O 3 and O 3 -precursors can be clarified as NO x -limited or VOC-limited chemistry of O 3 formation, which is usually defined based on the relative impact of a given percent reduction in NO x relative to VOCs in the context of urban chemistry (Sillman, 1999) .
Some observational and modeling works on O 3 chemical formation and transformation have been carried out in Shanghai since 2007. The O 3 production in Shanghai city is clearly under a VOC-limited regime (Geng et al., 2007) , in which the aromatics and alkenes play the dominant roles (Geng et al., 2008a) . The aircraft measurements in the Yangtze River Delta (YRD) region show the strong anti-correlation between NO x and O 3 during noontime, indicating the similar VOC-limited regime for O 3 production in the area neighboring Shanghai (Geng et al., 2008b) . Thus either NO x reduction or VOC growth is favorable for O 3 enhancement in Shanghai. Gao et al. (2017) reported that O 3 concentration in downtown Shanghai increased by 67 % from 2006 to 2015, whereas NO x concentration decreased by about 38 %. This is also consistent with the results of Lin et al. (2017) in that the median of the maximum daily 8 h average O 3 concentration in Shanghai increased notably from 2006 to 2016, with a rate of 1.4 ppbv yr −1 , while the NO 2 decreased from 66.7 to 42.1 µg m −3 with about 20 % reduction. These previous studies provide useful information regarding the O 3 chemical formation and transformation in Shanghai. However, such O 3 variation in response to emission change has not been clearly investigated. Considering that O 3 formation is a complicated process including chemistry, transport, emission, deposition, and their interactions, the chemical transport model is a powerful tool to gain an understanding of these interacting processes. For example, Lei et al. (2007) , Ying et al. (2009) and Song et al. (2010) investigated the O 3 production rate and its sensitivity to emission changes in O 3 precursors by the CAMx model in the Mexico City Metropolitan Area (MCMA). Tie et al. (2013) analyzed the comprehensive data of the MIRAGE-Shanghai field campaign by the Weather Research and Forecasting Chemical (WRF-Chem) model and quantified the threshold value by the emission ratio of NO x /VOCs for switching from a VOClimited to an NO x -limited regime in Shanghai. Recently Li et al. (2019) suggested an important cause of the increasing O 3 in the North China Plain (NCP) during 2013 to 2017 to be the significant decrease in PM 2.5 slowing down the sink of hydroperoxy radicals and thus speeding up the O 3 production by GOES-CHEM model. However, such an implication for O 3 trend is not pervasive in YRD and other regions. Moreover, the 5-year O 3 records seem rather short to examine the interannual variability of O 3 concentration. The GOES-CHEM experiment with 50 km resolution is maybe suitable for the O 3 simulation at regional scale but is too coarse to resolve the local O 3 budget at urban scale, such as in Beijing or Shanghai. To our knowledge, there are no peer-reviewed modeling studies focusing on the past long-term O 3 variation response to emission changes conducted in Shanghai.
Thus this paper extends the study of Tie et al. (2013) and Gao et al. (2017) to not only further examine the interannual O 3 variations from a larger scale with more comprehensive measurements, but also explore the O 3 enhancement response to NO x reduction in Shanghai and predict the future O 3 variations by models. The effects of emission changes on longterm O 3 variability are evaluated by the WRF-Chem model with high resolution and compared with measurements. The shift in O 3 photochemical regime relative to the variations in NO x and VOC concentrations in the past 10 years is discussed by O 3 isopleth diagram combined with WRF-Chem model to provide more insights into the O 3 control strategy. Moreover, the future O 3 levels and possible chemical regime in Shanghai are also discussed according to the Shanghai Clean Air Action Plan.
The paper is constructed as follows. The measurements and models used for this study are described in Sect. 2. The analysis of the long-term in situ measurements of O 3 and its precursors, as well as the model sensitivity experiments, are presented and discussed in Sects. 3-6. The conclusion is summarized in Sect. 7.
2 Measurements and models
Measurements
The measurements of O 3 and NO x are collected from six sites (XJH, PD, JS, BS, SS, DT) over Shanghai (Fig. 1a) under different influences of air pollutant emissions. The XJH site is located in the downtown area of Shanghai, which is strongly influenced by transportation emissions. The PD site is located in the sub-urban area near a big park, which is influenced by the mixed emissions of transportation and residential areas. The JS site is located in the south of Shanghai with several large chemical industries. The BS site is located in the north of Shanghai with some big steel and power plants. The SS site is located at the top of a hill (100 m a.g.l.) in Shanghai, which has minor effects from local emissions and is influenced by regional transport. The DT site is located at a remote island without anthropogenic activities. These O 3 and NO x measurements are used for the evaluation of WRFChem performance. In addition, the VOCs are sampled at the downtown site XJH and the sub-urban site PD, and are analyzed at a chemistry laboratory. The study of the O 3 chemical production in this paper is limited at XJH and PD by the intensive measurements of O 3 and its precursors (VOCs and NO x ) from 2006 to 2015. The meteorological measurements including wind speed and direction, solar radiation, and temperature are collected at the BS site, which is the only climatology observatory in Shanghai. The meteorological measurements at BS are used for international exchange of meteorological data representing Shanghai, sponsored by the World Meteorological Organization (WMO).
Instruments
O 3 is measured using an EC 9810 Ozone Analyzer, together with a UV photometer, which accurately and reliably measures O 3 concentrations in ambient air. The oxides of a nitrogen analyzer (EC9841B/ECOTECH) have a heated molybdenum NO 2 -to-NO converter. The resulting NO concentration is quantified using the chemiluminescence technique. This instrument is automated to set to be zero and includes an optional external valve manifold and external calibration sources. Quality control checks are performed every 3 d, including inspection of the shelter and instruments as well as zero, precision, and span checks. The filter is replaced once every 2 weeks and calibration is made every month. The O 3 concentrations are recorded every 1 min.
VOC concentrations are sampled for 24 h every day with a 6 L silonite canister with a silonite-coated valve (model 29-10622). The internal silonite coating improves long-term VOC storage. The instrument has a large volume to detect volatile chemicals down to a low pptv range. Absorption is eliminated by using nupropackless valves and by eliminating Teflon tape in the valve stem. These canisters are recognized to meet or exceed the technical specifications required for EP methods TO14-A and TO15. Gas samples are preprocessed using a Model 7100 VOC preconcentrator. Samples are analyzed for VOCs using a gas chromatography system (Agilent GC6890) coupled with mass-selective detection (Agilent MSD5975 N) with a length of 60 m, diameter of 0.32 mm, and film thickness of 1.0 µm. This measurement system can detect VOC concentrations down to a low pptv range.
These instruments to measure O 3 , NO x , and VOC concentrations are calibrated carefully. Detailed information for the instruments and the procedures to perform data quality control are described by Geng et al. (2007) , Ran et al. (2009) , Tie et al. (2013) , and Gao et al. (2017) . These data have been widely used to investigate the diurnal, seasonal, and interannual variations in O 3 in Shanghai (Geng et al., 2007 Tang et al., 2008; Ran et al., 2009; Gao et al., 2017) and its chemical mechanism (Geng et al., 2008a, b; Tie et al., 2009a Tie et al., , 2013 .
WRF-Chem model
The regional chemical transport model WRF-Chem (Grell et al., 2005 ) is used to investigate the O 3 variation response to emission changes in Shanghai. This version of the model was improved mainly by Tie et al. (2007) and Li et al. (2010 Li et al. ( , 2011 . The chemical mechanism chosen in WRF-Chem is the RADM2 (Regional Acid Deposition Model, version 2) gasphase chemical mechanism (Stockwell et al., 1990) , which includes 158 reactions among 36 species. The fast radiation transfer module (FTUV) is developed and used to calculate photolysis rates (Tie et al., 2003) , considering the impacts of aerosols and clouds on the photochemistry . The aerosol modules are developed by EPA CMAQ (ver- sion 4.6) (Binkowski and Roselle, 2003) . The wet deposition of chemical species is calculated by using the method in the CMAQ module and the dry deposition parameterization follows Wesely (1989) . The ISORROPIA version 1.7 is used to calculate the inorganic aerosols (Nenes et al., 1998) . The secondary organic aerosol (SOA) is predicted using a nontraditional SOA module, including the volatility basis set (VBS) modeling approach in which primary organic components are assumed to be semivolatile and photochemically reactive and are distributed in logarithmically spaced volatility bins. The partitioning of semivolatile organic species is calculated assuming the bulk gas and particle phases are in equilibrium and all condensable organics form a pseudoideal solution. Nine surrogate species with saturation concentrations from 10 −2 to 10 6 µg m −3 at room temperature are used for the primary organic aerosol (POA) components. The SOA contributions from glyoxal and methylglyoxal are also included. The major physical processes employed in WRF are summarized as the Lin microphysics scheme (Lin et al., 1983) , the Yonsei University (YSU) PBL scheme (Hong and Lim, 2006) , the Noah Land surface model (Chen and Dudhia, 2001) , and the long-wave radiation parameterization (Dudhia, 1989) .
The domain is set up to cover a region (centered at 32.5 • N, 118 • E) of 356 × 345 grids with a horizontal resolution of 6 km . The initial and lateral boundary conditions of the meteorology are extracted from the NCEP FNL reanalysis data. The lateral meteorological boundary is updated every 6 h. The chemical lateral boundary conditions are constrained by the global chemical transport model (MOART: Model for Ozone and Related chemical Tracers) with aerosol formation modules (Tie et al., 2001; Emmons et al., 2010) . Both the chemical and dynamical integration steps are set to be 60 s. The Multi-resolution Emission Inventory for China (MEIC) developed by Zhang et al. (2009) is used in WRF-Chem for all domains except Shanghai with 0.25 • resolution. The anthropogenic emissions (including CO, NO x , SO 2 , and VOCs) for Shanghai are developed by Tie et al. (2013) with 0.16 • resolution based on the MIRAGE-Shanghai field campaign. NO x and SO 2 emissions in YRD region are adjusted by Zhou et al. (2017) according to the evaluation of WRF-Chem prediction for about 195 cities during 2014-2015. The distribution of NO x emission in 2009 in Shanghai is depicted in Fig. 1b . The biogenic emissions are calculated online using the MEGAN (Model of Emissions of Gases and Aerosol from Nature) model developed by Guenther et al. (2006) .
OZIPR model
The ozone isopleth diagram for Shanghai is plotted by the OZIPR (Ozone Isopleth Plotting Package Research) model (Gery and Crouse, 2002 ). The OZIPR model employs a trajectory-based air quality simulation model in conjunction with the empirical kinetics modeling approach (EKMA) to relate O 3 concentration levels of organic and nitrogen oxide emissions. OZIPR simulates complex chemical and physical processes of the lower atmosphere through a trajectory model. The physical representation is a well-mixed column of air extending from the ground to the top of the mixed layer. Emissions from the surface are included as the air column passes over different emission sources, and air from above the column is mixed in as the inversion rises during the day. O 3 precursor concentrations and ambient information such as temperature, relative humidity, and boundary layer height from measurements in Shanghai are specified for each single run. Therefore a series of simulations are performed to calculate peak O 3 concentration as a function of initial precursor concentrations (Tang et al., 2008; Geng et al., 2008b) . The daily maximum O 3 concentrations increase notably during the past 10 years with the increasing rate of 0.808 ppbv yr −1 at XJH and 1.374 ppbv yr −1 at PD respectively. In similar the daily maximum 8 h O 3 concentration also increased at the rate of 1.06 and 1.4 ppbv yr −1 at XJH and PD respectively. It is consistent with the reported O 3 increasing trend ranging from 1 to 2 ppbv yr −1 at background and urban sites in eastern China during 2001 to 2015 Ma et al., 2016; Sun et al., 2016) . In 2006, the mean daily maximum O 3 concentrations at XJH and PD are 25.2 and 32.7 ppbv respectively, while in 2017, the mean daily maximum O 3 concentrations at the two sites increase to 41.3 and 51.8 ppbv respectively, with 64 % and 58 % enhancement compared with that in 2006. The mean daily maximum O 3 concentration at downtown site XJH during 2006 to 2015 is 39.2 ppbv, which is significantly lower than that at sub-urban site PD of 50.7 ppbv, suggesting the O 3 is depressed in the downtown area. Geng et al. (2007) suggested that the O 3 production in the city of Shanghai was under a VOC-limited regime, thus higher NO x downtown resulted in lower O 3 concentration. Considering the inhomogeneous spatial distribution of the precursors of O 3 in Shanghai (Geng et al., 2008a) , we extend the analysis of interannual O 3 variations to a broader scope by using the O 3 measurements from 31 sites provided by the Shanghai Environmen- In order to analyze the individual contribution to the longterm O 3 trend, the variations in O 3 precursors and meteorological parameters are measured and shown in the following sections.
Variations in the precursors (NO x and VOCs)
It is well known that the tropospheric O 3 formation is a complicated photochemical process and is strongly related to the precursors of O 3 (VOCs and NO x ). According to previous studies (Geng et al., 2007; Ran et al., 2009) , the chemical formation of O 3 in Shanghai is revealed to be VOClimited. Thus both enhancement of VOCs and reduction in NO x would result in the growth of O 3 concentration. In order to better understand the factors possibly driving the O 3 increasing trend depicted in Fig. 2 , the variations in NO x and VOC concentrations at XJH and PD in the same period are presented in Fig. 3 . The NO x concentrations present significant decreasing trends from 2006 to 2015 at both XJH and PD sites, which is opposite to the increasing trend of O 3 variations in Fig. 2 . At XJH, the decreasing rate of NO x is 2.15 ppbv yr −1 , which is more remarkable than that at the PD site of 1.86 ppbv yr −1 . According to the studies by Lin et al. (2017) , the reduction in NO x concentration in Shanghai could likely be attributed to the implementation of a stringent emission control strategy for transportation, including improvement of gas quality, popular usage of electricity cars, and limitation of heavy cars in the urban zones. These regulations significantly decrease the emissions of NO x into the atmosphere, resulting in lower NO x concentrations. Zheng et al. (2018) also reported a 30 % reduction in NO x emission in the past 5 years in YRD region. In comparison, the VOC concentrations at XJH and PD decrease very slightly during 2006 to 2015. At XJH, the mean VOC concentration during 2013 to 2015 is about 20 ppbv, which is somewhat lower than that during 2009 to 2012 (23 ppbv). At PD, the VOC concentration shows strong interannual variations, ranging from 16 to 22 ppbv. Generally the VOC concentration at the downtown site XJH is higher than that at the sub-urban site PD by 14 %. It is consistent with the studies of Cai et al. (2010) , suggesting that about 25 % of VOCs is attributed to the vehicles in Shanghai urban zones.
Meteorological impacts on O 3 photolysis, dispersion and transport
In addition to the precursors, meteorological factors such as solar radiation and wind speed and direction also play important roles in O 3 concentration through photochemical and physical processes. Figure 4 shows the annual variation in wind speed and total solar radiation from 2006 to 2015. The solar radiation presents weak annual variations ranging from 140 to 150 W m −2 , exhibiting a large variability but without a significant trend. As a result, the variation in solar radiation cannot explain the significant change in O 3 concentration in terms of photolysis. The wind speed is usually regarded as the indicator for the dispersion capacity for air pollutants. Several studies reported that the wind speed in winter in eastern China presented decreasing variability during the past 40 years due to the decadal variation in winter monsoon affecting the haze occurrence (Wang and Chen, 2016; Zhao et al., 2016; Xu et al., 2017) . While high O 3 events usually occur in the summer season for middle-latitude cities such as Shanghai . The mean summer wind speed in Fig. 4a fluctuates between 3.3 and 3.9 m s −1 during 2006 to 2015 except the minimum value in 2014 (2.9 m s −1 ) due to fewer typhoons in the period. Without 2014, the variability of summer wind speed is insignificant, with a trend of −0.02 m s −1 yr −1 , which could not be regarded as the dominant factor to interpret the increasing O 3 trend. Local O 3 concentration would be affected by transport of upstream plumes usually determined by wind direction. Geng et al. (2011) suggested that O 3 concentration was higher in the west wind compared with other wind sectors in Shanghai, indicating the possible O 3 transport from the western area out of Shanghai. Figure 5 presents the annual wind rose at Baoshan site from 2006 to 2015, presenting the very similar pattern of wind direction in each year. The mean wind direction concentrates in the sector between 60 and 80 • , suggesting the dominant wind in Shanghai is easterly, accounting for 50 %. The east wind in Shanghai usually carries with it the clean air mass from the sea to improve the local air quality . The frequency of west wind changes little during 2006 and 2015 ranging from 10 % to 15 %, suggesting that the regional transport is not a major factor driving the O 3 increase. Based on the above analysis, it is speculated that the rapid O 3 increase during 2006-2015 in Shanghai could likely be attributed to the reduction in NO x concentration as a result of the VOC-limited condition for O 3 production. 
Different O 3 variability at nighttime and daytime
The mean diurnal variations in O 3 concentrations between 2006 and 2015 are compared in Fig. 6a at XJH and PD sites respectively. The maximum and minimum O 3 concentrations occur in the afternoon (14:00-15:00 LST) and early morning (06:00-07:00 LST) respectively at both sites. In addition, the diurnal O 3 concentrations at XJH and PD sites all increase significantly from 2006 to 2015. For example, the peak O 3 concentration at XJH increases from 21 to 37 ppbv; meanwhile the minimum O 3 concentration rises from 5 to 14 ppbv, exhibiting a higher increasing rate. Similar diurnal O 3 enhancement is also observed at the PD site during the same period. The O 3 chemical mechanism in the daytime includes both production and loss processes. In contrast, at nighttime, the photochemical production ceases, and there mainly exists loss processes for O 3 . In addition both dry deposition and nighttime turbulence also have an influence on the nighttime O 3 concentration, as suggested by Hu et al. (2013) . Figure 6b shows the annual change rate of the diurnal O 3 concentration from 2006 to 2015 at the XJH and PD sites respectively. The O 3 concentrations present increasing trends both in daytime (08:00-18:00 LST) and nighttime (19:00-07:00 LST) at the XJH and PD sites, which is consistent with the results in Fig. 2 . The nighttime O 3 concentrations increase more significantly than daytime O 3 at XJH, with the increasing rates of 1.239 and 0.956 ppbv yr −1 respectively, while at the PD site the O 3 concentrations increase by 1.338 ppbv yr −1 in daytime, which is higher than that at nighttime of 1.028 ppbv yr −1 . In comparison, the nighttime O 3 concentrations exhibit a higher increasing rate at the downtown site XJH than that at the sub-urban site PD due to more NO emissions or more intensified urbanization (Hu et al., 2013 (2016) suggested that the nighttime boundary layer tended to be less stable as a result of the enhanced sensible heat flux in urban area, thus leading to more active nighttime turbulence.
The sounding measurements at 20:00 LST in Shanghai are used to calculate the vertical temperature gradient between 1000 and 925 hPa and indicate the intensity of nighttime turbulence, while presenting no significant trend from 2010 to 2015. Furthermore the PBL height retrieved from lidar measurements at 20:00 LST presents the similar results to the soundings. Based on the above measurements, the variation in turbulence at night may have provided only a minor contribution to the nighttime O 3 increase in Shanghai. However the effect of dry deposition could not be excluded due to a lack of measurements, which need further investigation.
4 WRF-Chem study on the O 3 variation response to emission change
Design of the model experiments scheme
To better understand the role of NO x emission reduction in O 3 variation, the WRF-Chem model is utilized to calculate the changes in O 3 concentrations. Lin et al. (2017) suggested that the NO x emission was reduced in Shanghai in recent years as a result of the implementation of the Shanghai Clean Air Action Plan. The NO x emission in 2015 is estimated at 33.4 × 10 4 t in Shanghai, reduced significantly by 30 % compared with that in 2009 of 44.9 × 10 4 t. Thus it provided the good opportunity to examine the O 3 variation response to the reduction in NO x emissions in Shanghai. The NO x emissions in 2009 and 2015 are put into the WRF-Chem model to calculate the O 3 concentration. The other emissions (including gas and particulate matter) and meteorology used in WRF-Chem are set to be same. As a result, the difference of O 3 concentrations calculated by WRF-Chem is solely at- tributed to the change in NO x emissions between 2009 and 2015, which is also compared with the measurements.
The MIRAGE-Shanghai field campaign was conducted in September of 2009 to explore the O 3 chemical formation and transformation in Shanghai (Tie et al., 2013) . The mean temperature, mean wind speed, and total precipitation in this month are 25 • C, 2.85 m s −1 , and 89.5 mm respectively, which is very close to the climatological conditions during the past 10 years from 2006 to 2015, with 24.7 • C for mean temperature, 2.81 m s −1 for mean wind speed, and 126 mm for total precipitation. In addition, Shanghai is located in a typical subtropical area. The meteorology in September is characterized by low cloud cover and rain occurrence, slight wind speed and humidity, and the moderate solar radiation intensity. As suggested by Tie et al. (2013) The distribution of NO x emissions in the 2009 scenario (Tie et al., 2013) in Shanghai, used in the WRF-Chem model, is shown in Fig. 1b . The NO x emission is mostly distributed in the urban zones, suggesting that transportation is an important source. The NO x is largely exported downtown and to two neighboring sub-urban zones in the east and north respectively. The maximum NO x emission is estimated at 16 kg h −1 km −2 downtown, compared with 2-6 kg h −1 km −2 in the sub-urban area. In addition, there is a small town located in the south of Shanghai with a similar intensity of NO x emissions to the sub-urban zones. The total NO x emission of 2009 scenario in Shanghai (Fig. 1b) is estimated at 41.4 × 10 4 t in the model, which is close to the 47.8 × 10 4 t suggested by Lin et al. (2017) according to the Shanghai Environmental Year Book.
Performance evaluation on the base experiment
The mean daytime and nighttime O 3 concentrations in September 2009 are calculated by WRF-Chem and compared with measurements over six sites in Shanghai, which are presented in Fig. 8a and b respectively. Both modeled and measured O 3 concentrations in daytime are higher than that at nighttime. The calculated daytime O 3 concentration is about 10-18 ppbv higher than that at nighttime in urban regions, which is consistent with the measured difference of 12-14 ppbv at the XJH and PD sites. The observed daytime and nighttime O 3 concentrations at the remote site DT show the minimum difference of 5 ppbv which is also captured by WRF-Chem model due to the lower impact of anthropogenic emissions. In Fig. 8a , there exists a large O 3 plume with a high concentration of 40-48 ppbv in the daytime in the west of Shanghai and its neighboring area from WRF-Chem simulations. It is also illustrated by the daytime O 3 measurements at the SS site with 40 ppbv. However, such a daytime O 3 plume dissipates at night (Fig. 8b) leading to the significant difference in O 3 concentration between day and night. Tie et al. (2013) suggested the enhancement of O 3 concentration downwind of Shanghai due to the considerable O 3 formation in the aged city plume transported westerly in September, re-sulting from the dominant east winds. According to the study of Tie et al. (2013) , the O 3 concentrations were at a minimum within 20 km of the city and enhanced 100-150 km west of the city in daytime, which was consistent with the results in Fig. 8a . In addition, both model simulations and in situ measurements in daytime and nighttime highlight the lower O 3 concentration in urban zones than that in the rural area. The simulated daytime and nighttime O 3 concentrations downtown are 28-32 and 12-14 ppbv respectively, significantly lower than that in the sub-urban (36-38 and 26-28 ppbv respectively) and rural areas (40-42 and 36-38 ppbv respectively). Similarly, the measured daytime O 3 concentration at the downtown site XJH is 28 ppbv, lower than that at the suburban site PD and remote site DT by 12 and 21 ppbv respectively. Geng et al. (2007) suggested that under a VOC-limited regime, the lower O 3 concentration downtown resulted from the higher NO x emissions, which depressed the O 3 production process. Under high NO x conditions, the OH radicals are lost by the reaction of NO 2 + OH → HNO 3 (Sillman, 1995) . As a result, a higher NO x concentration in the urban area leads to a lower OH concentration, which results in less O 3 production. Tang et al. (2008) also suggested that the O 3 concentration in downtown Shanghai was higher on weekends than that on weekdays due to the reduced NO x concentration. However, the discrepancy is also evident between model results and measurements. For example, the modeled nighttime O 3 concentrations at XJH and PD are about 2-6 ppbv lower than the measurements, perhaps due to the uncertainty of NO x emissions in urban areas, suggested by Tie et al. (2009a) . In addition, the calculated daytime O 3 concentrations in the remote site DT and chemical site JS are lower than measurements by 10 and 6 ppbv respectively. The former is a result of the overestimation of the wind speed by the WRF-Chem model leading to excessive O 3 transport for underestimation , while the latter is mainly due to the prominent underestimation of the VOC emission in the chemical zones suggested by Tie et al. (2009a) . Figure 9a and b show the daily variations in O 3 and NO x concentrations compared between WRF-Chem simulations and the in situ measurements over five sites. The statistical analysis of model performance for O 3 and NO x is listed in Tables 1 and 2 respectively. The calculated magnitude and daily variation in O 3 concentrations agree well with the measurements, suggesting that both meteorology and photochemistry are well reproduced by the WRF-Chem model. For example, the root mean square errors (RMSEs) calculated between modeled and measured O 3 concentration are 7.4, 10.5, 12, 8.6, and 9.2 ppbv for XJH, JS, DT, PD, and BS respectively, and the difference between the simulation results and in situ measurement is below 10 %, which is very satisfactory compared with similar works by Geng et al. (2007) and Tie et al. (2013) . The correlated coefficients (R) for the mean daily O 3 concentration range from 0.6 to 0.8 above 99 % confidence over five sites, indicating good consistency of day-by-day variations between the model results and measurements. Comparably the O 3 concentration is best simulated by WRF-Chem at the downtown site XJH and sub-urban site PD, with lower RMSE and better R. However, the discrepancy of daily O 3 concentration between the model and measurements is also evident. For example, a rapid change in O 3 concentration from 16 to 19 September was observed over all sites, indicating it is a regional event instead of a local phenomenon. The O 3 concentration first increased significantly during 16-19 September (episode 1) then sharply decreased during the following 4 d (episode 2). The similar rapid O 3 change in Shanghai was also reported by Tie et al. (2009a) , and their explanation is that this episode was mainly related to the intensity of the subtropical highpressure system on the Pacific Ocean in summer. The model captures the O 3 variations and magnitudes during both the risen and fallen episodes very well at the downtown site XJH but substantially underestimates the increasing variability of O 3 concentration during episode 1 at sub-urban and rural sites by 10-15 ppbv. Geng et al. (2008a) suggested the "chemical transport of O 3 " from the Shanghai downtown area to a distance of 18-36 km away, which increased the O 3 concentration at sub-urban and rural sites. The WRF-Chem model cannot easily reflect this "chemical transport of O 3 " due to the current inventory being too coarse to accurately reflect the detailed distribution and variation in NO x emissions, e.g., the NO x emissions from mobile sources in the city. In addition, the underestimation of the O 3 concentration in a rural area of Shanghai in summer could possibly be attributed to the model bias of sea breeze simulations. Under the condition of weak subtropical pressure, the sea breeze develops at noontime to yield a cycling wind pattern in Shanghai, leading to the rapid accumulation of high O 3 concentrations. The WRF-Chem usually underestimates the sea surface temperature, which tends to accelerate the sea breeze development and weaken the O 3 trapping in the city (Tie et al., 2009a) . The calculated daily NO x concentrations by WRF-Chem compared with measurements are shown in Fig. 9b . Both the modeled and measured NO x concentrations at the remote site DT are very low, with averages of 1.4 and 2.9 ppbv respectively due to rare anthropogenic emissions there. The calculated NO x concentrations at XJH and PD are generally consistent with the measurements with excellent R values of 0.8 and 0.82 and small RMSEs of 6.9 and 7.5 ppbv respectively. However, the NO x concentration is underestimated by WRF-Chem at the sub-urban site BS in the steel zone. The calculated NO x concentration at BS is 16.1 ppbv, which is lower than the measurements by 5 ppbv. The difference of NO x concentrations between the model and observations is generally above 10 %, suggesting the performance of NO x simulation is somewhat lower than that of O 3 . This was also reported by Tie et al. (2007 Tie et al. ( , 2009b Tie et al. ( , 2013 , during the evaluation of the NO x calculations by WRF-Chem in the MIRAGE-Shanghai and MIRAGE-mex campaign studies. The lifetime of NO x at the surface is about 1-2 d, shorter than O 3 . Thus the NO x concentration is determined by the the sensitivity studies on O 3 variation response to the emission change. In order to better understand the measured longterm trend of O 3 concentration during the past 10 years in Shanghai and its relationship to the emission reduction, several sensitivity studies are conducted in this study (Table 3) . The control study of T1 is conducted based on the NO x emission in the 2009 scenario in Shanghai. According to the study of Lin et al. (2017) , the NO x emission in 2015 in Shanghai is reduced by 30 % compared with that in 2009. Thus we conduct the sensitivity experiment T2 by WRF-Chem, cutting the NO x emission by 30 % compared with T1, while keeping the other emissions and meteorology same as in T1. As a result, the calculated O 3 difference between T1 and T2 could likely be attributed to the NO x emission reduction between 2015 and 2009. Figure 10a shows the distribution of the difference of O 3 concentration simulated by T1 and T2 (T2-T1). The reduction in NO x emissions has the obvious effect on the magnitude and distribution of O 3 concentration. The O 3 concentration increases notably in urban areas, corresponding to the higher NO x emissions in Fig. 1 , ranging from 2 to 7 ppbv. The enhancement of O 3 concentration is most significant downtown and neighboring sub-urban zones, as well as the southern town, generally more than 4 ppbv. For example, the maximum increase in O 3 concentration is 6.4 ppbv and occurred at the downtown site XJH, followed by 4-5 ppbv at the sub-urban site PD. The increasing rates of O 3 trends at XJH and PD are estimated at 1.06 and 0.96 ppbv yr −1 from 2009 to 2015 by WRF-Chem, which is consistent with the observed O 3 growth variability of 1-1.3 ppbv yr −1 . The response of O 3 concentration to the NO x reduction is not evident in the rural area, including the eastern part of Shanghai and the island with low NO x emissions. The comparison of T1 and T2 further illustrates the speculation that the significant increasing trend of O 3 concentration during the past 10 years in Shanghai is mostly attributed to the reduction in NO x emission as a result of the implementation of the Shanghai Clean Air Action Plan.
The O 3 chemical formation is strongly related to NO x and VOC concentrations. As discussed by Geng et al. (2008a) the O 3 chemical formation is clearly under a VOC-limited regime in Shanghai and its neighboring area. Under high NO x conditions, NO tends to react with O 3 instead of NO 2 , flowing by NO 2 + OH → HNO 3 , causing the decrease in the reactivity and ensuing O 3 concentrations. Thus reduced NO x emissions would result in an increase in O 3 concentrations, which is shown in Fig. 10a .
Despite minor changes in VOCs in the last 10 years, it is worth investigating the effect of the VOC changes on O 3 concentrations in Shanghai. For this purpose, we conduct a sensitivity study (T3), with a 50 % increase in VOC emissions compared with T1, while keeping NO x and other emissions as well as the meteorology the same as in T1. For the RADM2 gas mechanism used in WRF-Chem, the VOCs are surrogated into 14 species, such as alkane, alkene, aromatic, formaldehyde, etc. All the species of VOCs are increased by 50 % at every model grid over Shanghai and at every hour. The difference of O 3 concentration between T3 and T1 (T3-T1) is shown in Fig. 10b . As we expected, the O 3 concentration in Shanghai is sensitive to the enhancement of VOC emissions, increasing by 3-4 ppbv in the urban area due to more NO being converted to NO 2 by reaction with RO 2 and HO 2 . Furthermore, a significant amount of the abundant O 3 plumes produced in the urban zones are transported to the downwind areas about 100-200 km away, resulting in an increase in O 3 concentrations in western Shanghai by about 2 ppbv. According to Tie et al. (2013) , the O 3 plume released in the Shanghai urban area can be transported to downwind of the city by about 100-150 km away in the MIRAGEShanghai field campaign. The model studies of T1, T2, and T3 highlight that under the emissions of the 2009 scenario, the O 3 chemical production is clearly under a VOC-limited regime, and either decreasing NO x concentrations or increas- ing VOC concentrations would result in the O 3 enhancement. The analysis of in situ measurements and model experiments jointly suggests that the significant O 3 increasing trend during the past 10 years in Shanghai can be mainly attributed to the large reduction in NO x emissions.
4.5 The variation in O 3 production regime response to emission change
The O 3 chemical mechanism in Shanghai was explored by several studies based on the in situ measurements around 2008 . Geng et al. (2008a , Ran et al. (2009), and Tie et al. (2009a) all revealed that the O 3 production around 2008 and 2009 in Shanghai was clearly under a VOC-limited regime, which is further illustrated by the above model studies. As indicated in Fig. 3 , the significant decrease in NO x concentration is observed from 2009 to 2015 in Shanghai, while the VOC concentration changed little during the same period. As we know, the O 3 chemical formation is strongly nonlinearly related to NO x and VOC concentrations. Thus the different variability of NO x and VOC concentration from 2009 to 2015 inevitably has a large effect on the O 3 production regime, which needs to be investigated deeply. The complex relationship among NO x , VOCs, and O 3 concentrations is usually depicted by O 3 isopleth diagrams. The O 3 isopleth plot (Fig. 11) in Shanghai used in this study is constructed by the OZIPR model based on the in situ measurements of O 3 , NO x , VOCs, and meteorology. Under high VOCs and low NO x conditions (low NO x /VOCs ratio), the O 3 production is not sensitive to VOCs, while it is positively correlated to the NO x concentration, which is viewed as an NO x -limited regime. By contrast, under low VOCs and high NO x conditions (high NO x /VOCs ratio), the O 3 production tends to increase with the VOC growth or NO x reduction, which is regarded as a VOC-limited regime. The NO x -limited and VOC-limited regime is divided by a ridge line (the dotted-dashed line in Fig. 11 ) in the O 3 isopleth plot. The O 3 production is not sensitive to either NO x concentration or VOC concentration when near the ridge line, which is regarded as the transition regime.
The O 3 chemical production regimes at XJH and PD in 2009 and 2015 are positioned in Fig. 11 . In 2009 the O 3 production at both XJH and PD sites (marked as red and blue hollow circle respectively) are clearly under VOC-limited regime. Thus a decrease in NO x concentration leads to the O 3 enhancement, which is highlighted by the previous in situ measurements and model experiments. Since then the O 3 production regime tends to move toward the dotted-dashed line due to the significant reduction in NO x concentrations accompanied by a relatively smaller change in VOCs at the two sites. In 2015 the O 3 production at XJH (marked as a red solid circle) is still under VOC-limited regime, but for PD (marked as a blue solid circle), it is close to the dotted-dashed line, approaching the transition regime between VOC-limited and NO x -limited. This result suggests that if the NO x emissions continue to reduce after 2015 assuming the VOC concentration keeps constant, the O 3 concentration will continue to increase at XJH, while at PD the O 3 concentration is supposed to be insensitive to the NO x change. According to the O 3 chemical regime depicted in Fig. 11 , if the NO x concentration decreases by 5 ppbv after 2015, the peak O 3 concentration at XJH will further increase by 3 ppbv, whereas at PD it seems to change very slightly. To better understand this further change, more sensitivity studies of WRF-Chem are conducted in the following sections. According to the Shanghai Clean Air Action Plan, the NO x emissions in Shanghai will be further reduced by 20 % in 2020 compared with those in 2015. According to the above analysis based on the O 3 isopleth plot (Fig. 11) , the O 3 concentrations in downtown and sub-urban areas seem to have distinctly different responses to further NO x reduction after 2015. In order to better understand the future O 3 variation, the sensitivity experiment T4 is conducted by WRF-Chem with 20 % reduction in NO x emission compared with T2. The NO x emissions set in T2 and T4 represent 2015 and 2020 scenarios respectively. The other emissions and meteorology are set to be the same as in T1. The difference of O 3 concentration between T2 and T4 (T4-T2) is presented in Fig. 12a . The O 3 concentration keeps increasing in a downtown area such as XJH site, ranging from 2 to 4 ppbv. However, for the sub-urban zones such as the PD site, the O 3 concentration changes very little response to the further NO x reduction, ranging from 0 to 1 ppbv. As discussed in Fig. 11 , in 2015 the O 3 production at PD is possibly under the transition regime from VOC-limited to NO x -limited near the ridge line. As a result, the O 3 concentration is not sensitive to the variation in NO x concentration. However the O 3 concentration in the rural zones generally decreases by 1 ppbv, indicating that with the further NO x reduction after 2015 the O 3 chemical production transfers from VOCs-limited to NO x -limited regime in the rural of Shanghai.
It is suggested in Fig. 11 that the O 3 production at the downtown site XJH in 2015 is still under a VOC-limited regime despite the significant NO x reduction. The O 3 concentration would also be sensitive to the variation in VOC concentration. Thus the sensitivity experiment T5 is conducted by the WRF-Chem model with 50 % enhancement of VOC emissions compared with T2 (representing the emission in 2015 scenario). It is presented in Fig. 12b that the O 3 concentration increases by 2-3 ppbv in the downtown area due to the enhancement of VOCs, suggesting that the O 3 production downtown in 2015 is still under a VOC-limited regime, which is consistent with the results in Fig. 11 . Moreover the O 3 plumes produced in the urban area are transported to the downwind area to increase the high O 3 concentration in the western area to Shanghai by 2 ppbv. While at sub-urban site PD, the O 3 concentration changes less than Figure 12 . The difference of O 3 concentration (ppbv) between (a) T4 and T2 (T4-T2) and between (b) T5 and T2 (T5-T2), conducted by the WRF-Chem model. The difference between T4 and T2 is that the NO x emissions set in T4 (2020 scenario) is 20 % lower than that in T2 (2015 scenario), which is estimated according to the Shanghai Clean Air Action Plan. The difference between T5 and T2 lies in that the VOC emissions in T5 are 50 % higher than those in T2.
1 ppbv in response to the increase in VOC emissions, which is similar to the very weak O 3 variations relative to the NO x reduction in Fig. 12a . Overall, the model studies of T4 and T5 jointly suggest that the O 3 concentration at the sub-urban site PD in 2015 is not sensitive to either NO x or VOC variations due to the O 3 production are under the transition regime depicted in the O 3 isopleth plot.
The O 3 chemical production after 2020
The above study shows that the O 3 production at the suburban site PD in 2020 will likely transfer from a VOC-limited regime to an NO x -limited regime without the consideration of possible VOC changes. To better understand the O 3 pollution control strategy, it is worth estimating the O 3 level response to emission changes after 2020 in Shanghai. It is also essential to know how many NO x emissions need to be cut after 2020 to cease the O 3 enhancement in the downtown area. Thus the sensitivity experiment T6 is conducted with a further 20 % reduction in NO x emissions from the 2020 scenario (T4). The difference of O 3 concentration between T6 and T4 (T6-T4) is shown in Fig. 13a . It is clear that the O 3 concentration downtown stays nearly constant regardless of the further reduction in NO x emissions after 2020. That is to say the increasing trend of O 3 downtown with the NO x reduction ceases after 2020, indicating that the O 3 production likely approaches the transition regime. In addition, the O 3 concentration decreases significantly outside of the downtown area, ranging from 2 to 3 ppbv in sub-urban zones, and more than 4 ppbv in rural zones, indicating that the O 3 production in Shanghai transfers to an NO x -limited regime after 2020, except for the downtown area where the O 3 production is likely near the transition zone. On the other hand, if the NO x emissions are kept constant after 2020 as in T4, while the VOC emissions is increased by 50 % from T4 (T7 experiment), the O 3 concentration (Fig. 13b ) changes little in both urban and suburban areas in Shanghai, which is different from the previous model study of T5 the T3 when O 3 production was under VOC-limited conditions. It is suggested that the O 3 concentration after 2020 is not sensitive to the variation in VOC concentration because the continuous reduction in NO x emissions influences the O 3 production to cause a change to an NO x -limited regime. Thus further reduction in NO x tends to decrease the O 3 concentration in Shanghai. 5. In order to better understand the O 3 control strategy in Shanghai, the future O 3 production is estimated by WRF-Chem. The O 3 concentration in Shanghai downtown would keep increasing until 2020 with a 20 % reduction in NO x emissions after 2015 estimated by Shanghai Clean Air Action Plan. If the NO x emission is further decreased by 20 % after 2020, The O 3 concentration will decrease by 2-3 ppbv in sub-urban zones, and more than 4 ppbv in rural areas. While the O 3 concentration downtown is not sensitive to either NO x reduction or VOC enhancement after 2020, indicating the O 3 production in Shanghai will transfer to NO x -limited regimes, except downtown where the O 3 production is likely close to the transition regime. Further reduction in NO x emissions after 2020 tend to mitigate the O 3 pollution in Shanghai.
6. There are some uncertainties and limitations in the study. First, the inhomogeneity of the NO x reduction is not considered in the sensitivity experiments due to the lack of a high-resolution emission inventory (e.g., 1 km resolution). Second, the variation in VOC emissions is not taken into account in the model experiments due to the greater number of uncertainties in the current VOC emission inventory, while O 3 production in Shanghai is very sensitive to some VOC species, especially aromatics. Thus the accurate emission inventory of VOCs need to be developed and included in future studies. Third, the same meteorology is used for all WRF-Chem simulations. However, the O 3 photolysis, advection, and vertical diffusion are all strongly affected by meteorology. The change in meteorology would be considered and evaluated in future studies for more deep investigation.
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